The role of seed reserves on the ability to resprout and on the responses of resprouting in Araucaria angustifolia was investigated. Seedlings were separated into three groups: plants which had their shoot damaged, a similar group in which damaged plants had their connection to the supporting seed removed, and a control group. All damaged seedlings resprouted, but those which remained connected to their seeds had a greater mass of resprouted shoots than the ones disconnected from their seeds. A greater accumulation of seed mass in the underground hypocotyl was a very distinct initial response to damage, but, on the long run, damaged plants were able to reestablish a biomass allocation pattern, which was very similar to the control plants. These results indicate that seed and underground reserves are important for the quantitative resprouting response of seedlings of A. angustifolia and for its ability to reestablish the functional balance when severely damaged.
INTRODUCTION
Resprouting in trees is an induced response to injury or to a dramatic change in the surrounding environmental conditions (Del Tredici, 2001 ). Defoliation, decapitation or partial removal of axillary buds stimulate the formation of adventitious buds (Barchuk et al., 2006) , with consequent growth of a new branch. The ability to resprout may vary due to abiotic conditions, stored energy, age or size of the individual at the time of disturbance and meristematic activity (Bond and Midgley, 2003) , and this activity differs greatly among species (Paciorek et al., 2000) . It is a universal attribute of temperate angiosperm trees but it is much less common among gymnosperms (Del Tredici, 2001 ). However, species of the genera Agathis, Araucaria and Wollemia (Araucariaceae) have a unique axillary structure, consisting of undifferentiated axillary meristems, which are able to develop into buds when released from apical dominance, giving these conifers the ability to resprout after damage (Burrows, 1987; 1989; Burrows et al. 2003) . Araucaria angustifolia (Bertol.) Kuntze (Brazilian Pine), the object of this study, is an indigenous critically endangered (IUCN, 2010) and very tall gymnosperm species from the highland plateaus of Southern Brazil, with such ability.
The resprouting of shoots is an efficient mean by which woody plants regain the biomass lost during disturbance (Bellingham, 2000) . In tropical forests, for example, stump sprouts were shown to greatly contribute with the vegetative regrowth after fire (Knight, 1975; Kauffman, 1991) . While resprouting in mature trees extends the lifespan of the individual following damage, resprouting in seedlings promotes their survival under a variety of stressful conditions, including suppression caused by canopy trees, herbivory, site exposure, and desiccation (Del Tredici, 2001) . Araucaria angustifolia is the major tree component of the so called araucaria forests, which often form mosaics with adjacent grasslands (Overbeck et al., 2007) . Besides colonizing the open, grassland environments (Duarte, 2006) , it also regenerates in the forest understory, establishing seedling banks (Duarte et al., 2002) . Fire, cattle grazing, and herbivory (mostly by ants of the Acromyrmex crassispinus and Atta sp. species) are potential threats to seedling establishment in the open (Ferreira and Irgang, 1979; Zandavalli, 2006) , while plant pathogens, small herbivores (such as the rodents Dasyprocta azarae and Akodon montensis), and logging activities are important threats in the forest (Zandavalli, 2006) . Here, the presence of sprouts that emerge from stems of mature trees removed by logging has been commonly observed. However, the ability to resprout is also expressed by seedlings and very young plants. Multistemmed individuals, observed mostly in open areas (Mattos, 1994) , have been associated with damage to the main stem, followed by resprouting, very early in the life of the trees (Zandavalli, 2006) . Successful resprouting depends on stored resources and, in cases in which disturbance causes loss of most aboveground biomass, mobilization of belowground resources is essential for this compensatory growth response (Bellingham, 2000) . In the case of seedlings, seed storage might be especially relevant in resprouting. In fact, seed size has been found to be positively correlated with seedling tolerance to several unfavourable conditions such as shade, drought, fire, freezing and herbivory, because a greater amount of reserves increases the possibility of successful seedling establishment, as it enables survival for a longer period of time under these conditions (Haig and Westoby, 1991; Westoby et al., 1996; Leishman et al., 2000; Lahoreau, 2006) . Brazilian pine has very large seeds (pine nuts), with ~5 to 8 g fresh weight (Tompsett, 1984) . Most of the seed reserves are in the starchy female gametophyte (Panza et al., 2002) , which is a very important food source for several animal species, some of which act both as seed predators and dispersers (Iob and Vieira, 2008) . Brazilian pine seeds are recalcitrant (Panza et al., 2002) and promptly germinate after dispersion. Germination is hypogeal (Haines, 1983) , though Burrows et al. (1992) have further classified its germination behaviour as cryptogeal. The cotyledons, usually two, elongate and partially emerge from the seed acting as haustoria, and transferring reserves from the starchy megagametophyte to the growing seedling (Rosado et al., 1994) . Given the large seed size, the duration of use of its reserves by the seedlings is quite long (70 to 120 days), but it is not affected by the availability of light or nutrients (Lowe and Dillenburg, 2011) . The swollen, tuber-like, underground hypocotyl ( Figure 1 ) acts as an Figure 1 . From left to right, the general aspect of a representative plant from the control (C), damaged (D) and damaged and disconnected from the seed (DP) groups. Pictures were taken 70 days after damage was imposed.
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important initial sink for at least some of the seed reserves (Dillenburg et al., 2010) , and Lowe and Dillenburg (2011) have suggested that it may operate in a possible 'reserve effect' (Westoby et al., 1996) in this species. Thus, not only the seed, but also the hypocotyl storage, might be important to determine the successful sprouting of the seedlings after damage is caused to the aerial parts.
In this study, we conducted a greenhouse experiment in order to assess the ability and intensity of resprouting in damaged seedlings of A. angustifolia and the impact of internal carbon reserves on these processes. The answers to the following questions were pursued in this study: (1) Is the resprouting ability of damaged seedlings dependent on the reserves provided by the seeds? (2) Is the resprouting intensity of damaged seedlings affected by the availability of seed reserves? and (3) Do damaged seedlings increase the allocation of reserves available to the resprouting shoots?
MATERIAL AND METHODS
Seed germination and planting: Pine seeds were purchased from local seed gatherers in the town of São Francisco de Paula (RS), Brazil (29º 24'S and 50º 22'W). Prior to germination, seeds were disinfested with a 2% sodium hypoclorite solution for 20 min, then rinsed with water and mechanically scarified by removing the external seed coverings from the radicle-protrusion region (Ferreira and Handro, 1979) . Germination took place in trays containing wet vermiculite. On September 19, 2009, pre-germinated seeds were planted in 2.0L PET bottles, filled with medium-sized, pre-washed sand.
Growth conditions:
The experiment was conducted in experimental gardens of the Agronomy School of Universidade Federal do Rio Grande do Sul (UFRGS), located in Porto Alegre (RS), Brazil (30º 01'59"S and 51º 13'48"W) for a period of approximately 6 months (September 2009 -March 2010 . Plants were grown under naturally fluctuating conditions of temperature, air humidity and light and were well watered throughout the experiment.
Treatments and experimental design:
After planting, all plants remained under the same conditions until they reached a height of approximately 50 mm (55 days after germination). This period is considered the day 0 of the experiment, when plants were separated into three groups: (1) C; (2) D; and (3) DP. C kept growing under the same existing conditions. Plants from the D and DP groups had about 80% of the stem length removed by means of a single cut made with a pair of scissors 10 mm above the hypocotyl. Most of the leaves (~42 leaves) were removed and ~8 leaves remained at the stump. In addition to shoot damage, DP plants had their connection to the supporting seed broken by excising the cotyledons. At this stage of seedling development, seeds are still providing nutrients to the plants ( Lowe and Dillenburg, 2011) , and, in the particular case of this experiment, seeds had about 70% of the original dry mass when they were disconnected from DP plants. Each treatment group comprised 16 plants (experimental units), totaling 48 plants for the experiment.
Plant evaluations: Every 2 weeks we recorded the number of sprouts and the height of resprouted and control shoots. Three plant harvests for mass determination were scheduled during the experiment: 0, 70 and 160 days after treatments were imposed, thus ensuring that the experiment would end after seed reserves were no longer sustaining seedling growth (Löwe and Dillenburg, 2011) . On day 0 (when treatments were imposed), we harvested 9 (3 from each group) of the 48 plants available in order to determine the initial mass of different plant parts. The mass of the six plants belonging to the D and DP treatment already reflected the damage imposed to them. The 39 plants left after this first harvest were equally distributed among C, D, and DP plants. On days 70 and 160, we harvested six and seven plants from each group, respectively. Plant material was oven dried (60ºC) until constant weight. The masses of seed, cotyledons, shoot (or sprouts), tap root, lateral roots, and underground hypocotyl were separately recorded. The latter was recognized as being distinct from the main root not only by the lack of lateral roots, but also because of its enlargement and slightly different coloration (Dillenburg et al., 2010) . Relative mass growth rates for the two time intervals (0-70 and 70-160 days) were calculated for each plant component, by dividing the mass accumulated (or depleted) in each period by the initial value of mass and number of days comprehended in that time interval. Positive values indicated growth or mass accumulation, and negative values, mass consumption.
Statistical analysis:
The single factor ANOVA was used to compare resprouting parameters and biomass partitioning among treatments in each evaluation period. The effects of treatment (C, D, and DP) and time (days 0, 70, and 160) on plant mass and of treatment (C, D, and DP) and time interval (0-70 and 70-160) on relative growth rates were assessed using two-way ANOVA. After the ANOVA procedures, individual means were compared by the Tukey's procedure at p≤0.05. ANOVA and mean separation procedures were run with the statistical package Statistix 8.0 (Analytical Software).
RESULTS
Resprout ability: All damaged seedlings resprouted and survived, regardless of whether they remained connected to the supporting seed or not (Figure 1 ). The first sprouts emerged from lateral buds 20 days after seedlings had been damaged. Out of all resprouted plants (D and DP), three produced only one sprout, and, for those that produced more than one, 39% showed dominance of one sprout, while 61% had sprouts with similar heights. This pattern was the same in both groups of D. The number of sprouts per plant and the mean mass and height of each sprout did not differ between D and DP plants. However, the total mass of sprouts per plant, measured 160 days after damage, was significantly greater in seedlings that remained connected to their seeds (D) than in those that did not (DP) ( Table 1) .
Resprout intensity: both time and treatment significantly affected most of the masses and relative growth rates of the different seedling components, and, in most cases, these two factors significantly interacted with one another (Table 2 ).
Seventy days after damage, the shoot mass of D and DP plants was not yet significantly different from their respective initial masses, and was much lower than that of the undamaged C (Figure 2A ). Root mass, on the other hand, did not increase significantly between Table 1 . Sprout growth measurements of A. angustifolia seedlings 70 and 160 days after their shoots were damaged. Data are means (±SE). Means were compared within each period of time, and different letters indicate significant differences (p≤0.05) between damaged plants (D) and plants which were both damaged and disconnected from their seeds (DP); n=6-7, for 70 and 160 days, respectively. 0 and 70 days for any of the plant groups ( Figure 2B ). While DP and C plants had a significant decrease of the hypocotyl mass in this initial period, D plants did not exhibit any mass depletion of this organ, maintaining significantly greater hypocotyl mass 70 days after damage in comparison to the other two treatments ( Figure 2C ). Cotyledon mass suffered insignificant variations between 0 and 70 days, but, at the end of this period, the cotyledon mass of D plants was also significantly greater than in the other two treatments ( Figure 2D ). Variations in seedling mass greatly mirrored variations in shoot mass, but because of the contrasting response of D plants regarding the hypocotyl, the overall seedling mass of these plants did not differ from the control after 70 days ( Figure 2E ). The relative growth (or consumption) rates during this initial period revealed a much higher shoot growth rate for the D plants than for the two other groups, as well as a much lower mass consumption rate of the hypocotyl of these plants than for the control and DP plants ( Figures  3A and C) . The hypocotyl of these DP plants presented a significantly greater consumption rate than the controls ( Figure 3C ), as well as a lower root growth rate (slightly negative) in relation to the other groups ( Figure 3B ). The overall seedling growth rate did not differ between treatments during this initial period ( Figure 3E ). Seeds supporting the growth of D plants had a lower mass than those supporting the C on day 70, and the seed mass consumption rate for this initial period was greater for D than for C plants ( Figure 3F ).
Between days 70 and 160, there was a significant increase in shoot mass in all treatments, but only C showed significant increase in total seedling mass. This mass was significantly greater in D than in DP plants, and much greater in control than in the other two groups (Figures 2A and E) . Only C showed an increase in root mass in this second period ( Figure 2B ). There were no significant changes in the mass of cotyledons from day 70 to day 140, as well as no treatment effects on day 160. The hypocotyl of the C plants was the only one that significantly changed (increase) from day 70 to day 160, resulting in greater hypocotyl mass for C and D than for DP plants. Seed mass did not suffer a further decrease in D plants, and at the end of the experimental period, the mass remaining in the seeds of C and D plants was quite similar (~46% of the original mass) ( Figure 2F ). There was a reduction in shoot growth rate for both C and D plants, compared to the first interval. These rates did not differ between the three groups in the second interval ( Figure 3A) . Root growth rate, on the other hand, increased for C, which sustained a greater root growth rate between days 70 and 160 than the other two groups ( Figure 3B ). The consumption rate of hypocotyl of DP plants significantly reduced (values became less negative) from the first to the second interval, when all treatments had similar rates ( Figure 3C ). As for the overall growth rate of the seedling, treatments once again did not differ from one another ( Figure 3E ). Seed consumption rate in this second interval was basically the same for C and D plants ( Figure 3F ).
Biomass partitioning after resprout:
On day 0, when damage was imposed, biomass partitioning was quite similar among the three plant groups, except for the shoot investment, which was smaller in the D and DP plants than in the control group because of shoot excision. While in C the greatest investment was those of the shoot and hypocotyl, in D the hypocotyl mass had the greatest investment to the overall seedling mass ( Figure 4A , Table 3 ). On day 70, C still maintained a greater shoot investment than D, and their hypocotyl and cotyledon investments were much lower than in D and DP plants. The only difference between the two groups of D was the greater investment of hypocotyl in D than in DP plants ( Figure 4B , Table 3 ). At the end of the experimental period, shoot and root investments were quite similar among all treatments ( Figure 4C , Table 3 ).
DISCUSSION
All plants that suffered shoot damage survived through resprouting, but the seedlings that were still connected to their seeds had more vigorous sprouts. The fact that the ability to resprout did not depend on the continuous connection with the supporting seed provides the answer to our first question: the ability of seedlings to resprout does not depend on the amount of seed reserves to which seedlings have access to. In addition to the carbon reserves present in the plant, another important factor that affects the resprout ability of a species is the meristematic activity (Bond and Midgley, 2003) . As aforementioned, undifferentiated meristems are present in the leaf axils of A. angustifolia (Fink, 1983; Burrows, 1987) , and those meristems in the axils of the leaves that remained in the plant after damage were certainly responsible for the resprout response that followed shoot excision and release from apical dominance. Thus, the ability of A. angustifolia to produce sprouts when damaged only depends on meristematic activity. The ability to resprout from the stem base after suffering severe damage was also reported for A. humboldtensis (Veillon, 1978) , and the role of these axillary meristems in coppice and epicormic bud initiation in A. cunninghamii was demonstrated by Burrows (1990) . Different uppercase letters indicate significant differences between treatments at a given time and different lowercase letters indicate significant differences between times within a given treatment (n=3, 6, and 7, for 0, 70, and 160 days, respectively). D: damaged plants; DP: damaged plants disconnected from their seeds. Although the number and height of sprouts were not affected by the amount of seed reserves, their mass was. Damaged seedlings with full access to the seed reserves had sprouts with more mass than those without full access, which answers our second question: the resprout intensity of damaged seedlings is affected by the availability of seed reserves. Armstrong and Westoby (1993) have observed that larger seeded species can resprout and tolerate defoliation better than smaller seeded species. Larger seeds store more energy compounds and nutrients, and are known to provide not only better chances of plant survival under conditions of scarcity of resources, but also the replacement of photosynthetic tissues lost through herbivory or mechanical damage (Kidson and Westoby, 2000) . The underground hypocotyl of A. angustifolia is an important initial sink of the seed reserves (Dillenburg et al., 2010) , a fact which was also observed in this study. Since underground storage organs are commonly used for shoot replacement after defoliation event (Schutz et al., 2009) , this seed-to-hypocotyl transfer may allow the species to hide its carbon-rich seed reserves from seed predators, ensuring its future use for seedling growth and tissue repair.
The day 0 of the present study coincided with the period of greatest accumulation of mass in the hypocotyl (55 days after germination), as reported by Dillenburg et al. (2010) . This means that when shoot was severed much of the seed reserves that were to be transferred to the hypocotyl had already been transferred. Mass depletion of the hypocotyl between days 0 and 70 was quite evident in C and in those D which no longer had access to the seed reserves, a response also reported by Dillenburg et al. (2010) in undamaged seedlings.
Interestingly, however, this mass consumption was very much delayed in D, which were still being 'fed' by their seeds. Compared to controls, these plants also showed a greater consumption of seed reserves after damage was imposed. Lowe and Dillenburg (2011) have demonstrated that the rate of seed consumption is not affected by the availability or external resources such as light and nutrients, and they interpreted this behavior as the species strategy not to slow down seed-to-seedling transfer of storage material when seedling growth is limited by these resources, in order to reduce the chances of losing this material through seed predation. The results of the present study suggest that seedling herbivory might accelerate such transfer. This response should increase the chances that seed material will be available (mostly in the seedling hypocotyl) to help replace tissue loss. It should be noted that although seeds still retained ~46% of their initial mass at the end of the experimental period, this does not imply that reserves were still available for seedling growth. This apparently high value is greatly due to the fact that seed mass included all seed coverings and not only the starchy megagametophyte. Lowe and Dillenburg (2011) demonstrated that ~140 days after seed sowing, seed megagametophyte was reduced to 13% of its initial mass and no longer sustained seedling growth. In the case of seedlings, which were prematurely disconnected from their seeds, the hypocotyl storage material that had already been removed from the seed before being separated from the seedling was the only resource to replace the lost photosynthetic tissues, and seeds were no longer available to provide additional resources to hypocotyl and root growth.
Regarding the third and last question posed in our study, the damaged seedlings did increase their investment in shoot growth when still connected to the supporting seeds, as indicated by their greater shoot mass relative growth rate when compared to undamaged seedlings during the first seventy days after shoot damage took place. A similar response was not observed for root growth. However, in these plants there was less photosynthetic tissue left and also a greater investment in hypocotyl storage. These may explain why, despite occurring at a very early stage of seedling growth and even though it induces a shoot compensatory growth, shoot damage caused seedlings to lag much behind the C in terms of overall seedling biomass throughout the experimental period, even when they were still connected to the supporting seed.
At the end of the experimental period, the pattern of biomass partitioning among the different plant organs was remarkably similar in all experimental plants. This means that D progressively allocated more of their growth to shoots, demonstrating their ability to reestablish the pre-damage root:shoot ratio even after severe damage (Mihaliak and Lincoln, 1989) . At the end of the experiment, the three groups of plants still showed large mass allocation to underground structures (~40%), with much of this mass being allocated to the hypocotyl and main tap root (~23%). Large root systems and great allocation to carbohydrate root storage are associated to species that sprout when damaged (Sakai and Sakai, 1998; Schwilk and Ackerly, 2005) . In the particular case of A. angustifolia seedlings, hypocotyl also contributes with this underground storage. However, we have only followed the species response to shoot damage through the seedling stage. Future approaches should include the ontogeny of such responses as well as the relative contribution of hypocotyl and roots in carbohydrate storage.
The results from this study have shown that seed and underground reserves are important for the quantitative resprout response of seedlings of A. angustifolia. Resprouting by seedlings is specially relevant for the regeneration of a tree species and, in the particular case of A. angustifolia, it adds another ecological significance to its large seeds. If deprived from their seeds at an early stage of seedling development, damaged seedlings will be able to sprout and attain a functional balance of their organs, but will be much smaller than those that still count on seed reserves, thus potentially becoming less competitive and tolerant to different environmental stresses. Considering that the species both regenerates itself in the forest understory and colonizes the open grassland environment, it would also be relevant in the future to investigate the role of light availability in the seedling environment to its resprout response.
